In many cases, the mechanical strengths of tissue-engineered arteries do not match the mechanical strengths of native arteries. Ultimate arterial strength is primarily dictated by collagen in the extracellular matrix, but collagen in engineered arteries is not as dense, as organized, or as mature as collagen in native arteries. One step in the maturation process of collagen is the formation of hydroxylysyl pyridinoline (HP) cross-links between and within collagen molecules. HP cross-link formation, which is triggered by the copper-activated enzyme lysyl oxidase, greatly increases collagen fibril stability and enhances tissue strength. Increased crosslink formation, in addition to increased collagen production, may yield a stronger engineered tissue. In this article, the effect of increasing culture medium copper ion concentration on engineered arterial tissue composition and mechanics was investigated. Engineered vessels grown in low copper ion concentrations for the first 4 weeks of culture, followed by higher copper ion concentrations for the last 3 weeks of culture, had significantly elevated levels of cross-link formation compared to those grown in low copper ion concentrations. In contrast, vessels grown in high copper ion concentrations throughout culture failed to develop higher collagen cross-link densities than those grown in low copper ion concentrations. Although the additional cross-linking of collagen in engineered vessels may provide collagen fibril stability and resistance to proteolysis, it failed to enhance global tissue strength.
INTRODUCTION
The term "cross-linking" is used to describe several types of connections in collagenous tissue. The three main types of cross-links include those formed by chem-More than 570,000 bypass procedures are performed annually, creating a large demand for small-diameter ical processing, sugar reductions, or enzyme activity. Chemically derived cross-links form when tissue is ex-vascular grafts (2) . For patients who lack sufficient or healthy replacement artery or vein, engineered arteries posed to chemicals such as glutaraldehyde. These chemically derived cross-links form connections of variable may prove clinically useful. To be successful, these engineered arteries must resist thrombosis and must with-length between collagen molecules or other extracellular proteins (7, 9) , increasing the global connectedness of the stand arterial pressures in vivo, thereby mimicking native arteries (27) .
tissue. The main drawback to chemically derived crosslinks is that glutaraldehyde-fixed tissues are subject to In most cases, tissue-engineered arteries have not yet attained the mechanical integrity of native arteries in calcification in vivo (24). Sugar-mediated cross-link formation, also called nonenzymatic glycosylation or glyca-terms of rupture strength or maximal elastic modulus (30). The ultimate strength of the arterial wall is largely tion, typically occurs with age or diabetes (6) . Although these cross-links can form covalent bonds between col-dependent upon the presence of an organized collagen network (4). The amount, orientation, stability, and con-lagen molecules and increase tissue stiffness (6) , they also bind plasma proteins, such as low-density lipopro-nectedness of fibrillar collagen all affect arterial tissue strength. Hence, increasing collagen production, improv-tein (LDL), to collagen molecules (6) . Accumulation of LDL increases the risk of developing atherosclerosis ing collagen alignment, and increasing collagen crosslinking in tissue-engineered arteries would likely en-(35). Furthermore, glycation increases a tissue's platelet aggregating potency and indirectly affects the endothe-hance the quality of engineered arterial collagen (12, 27) . 368 DAHL, RUCKER, AND NIKLASON lium by quenching nitric oxide activity (32), both of cross-link formation is catalyzed by the copper-activated enzyme lysyl oxidase (LO) (38, 42) via oxidative deami-which increase the potential for thrombosis formation (27). The third family includes cross-links formed by nation of lysine or hydroxylysine residues to aldehydes (15, 19, 22) . Specifically, copper activates LO by oxidiz-enzyme activity. Natural levels of enzyme activity promote cross-linking between and within collagen mole-ing a tyrosyl residue at the catalytic site of LO.
In vivo, more than 95% of serum copper is carried cules (13) . Collagen cross-links formed by the enzyme lysyl oxidase have no known negative side effects. In by the chaperone protein ceruloplasmin, and is released by superoxide radical-mediated reduction at a cell mem-contrast, too few lysyl oxidase-generated cross-links can lead to decreased tissue strength (1, 8) . In this work, we brane (28) . Released copper can then activate LO and stimulate cross-link formation. Ceruloplasmin is synthe-focus on stimulating enzyme-activated cross-link formation, resulting in covalent bonds between collagen mole-sized by hepatocytes and is loaded with copper prior to extracellular secretion (39) . Given that vascular smooth cules.
Collagen fibrils consist of aligned microfibrils (Fig. muscle cells (SMCs) do not synthesize ceruloplasmin, any copper added to SMC culture in vitro remains as 1a), which comprise collagen molecules in a quarterstaggered arrangement (Fig. 1b) . Covalent cross-link free copper ions in the system. One potential danger of free circulating copper ions is hydroxyl radical forma-formation between the amino-or carboxyl-terminus of one triple-helical collagen molecule and the helical re-tion, which can lead to cellular toxicity (18, 36, 37) . Furthermore, free copper ions in the medium could po-gion of a neighboring collagen molecule enhances connectivity of collagen molecules in a microfibril ( Fig. 1c ).
tentially catalyze the reduction of ascorbic acid (40) , thereby shortening the already small (<24 h) half-life Connecting the collagen molecules within a microfibril increases resistance to tensile forces, thereby stiffening of ascorbic acid, and minimizing its ability to stimulate collagen synthesis. In view of these issues, levels of both the tissue (21,25).
Hydroxylysyl pyridinoline (HP) cross-links covalently cellular toxicity and collagen synthesis are addressed in this report. bind collagen molecules to one another, creating more coherent collagen microfibrils and fibrils. HP is a trifun-In this study, we supplemented engineered vessel culture medium with copper ions to activate LO-mediated ctional cross-link (34) that connects two C-terminal sites (Lys-16C or Hyl-16C) on one collagen molecule to a cross-link formation. Our hypothesis was that increasing culture medium copper ion concentration would increase helical site (Hyl-87) on a neighboring molecule (26). HP Collagen Quantification 50 µg/ml L-proline, 50 µg/ml glycine, 20 µg/ml L-ala-Collagen content was measured colorimetrically as nine, 10 ng/ml basic fibroblast growth factor, and 10 ng/ previously described (43) . Tissue segments were diml platelet-derived growth factor (29). All culture megested as for DNA quantification, and 100 µl of each dium supplements were purchased from Sigma-Aldrich digest was incubated with 900 µl 6N HCl for 20 h at (St. Louis, MO) unless otherwise indicated. Culture me-110°C. Each acid mixture was neutralized with NaOH dium copper ion concentrations of 0.4, 0.6, 1, 2, and 3 and diluted with deionized water. A chloramine T (Malµg Cu 2+ /ml were attained by adding CuSO 4 to the conlinckrodt, Hazelwood, MO) solution was added for 20 trol medium. min to oxidize hydroxyproline, and then a p-dimethyl-Growth of Engineered Vessels aminobenzaldehyde (Fisher Scientific, Suwanee, GA) solution was added for 20 min at 60°C to develop color The carotid arteries of Yucatan miniature swine (Sinin each sample. Hydroxyproline content was measured clair Research Center, Inc., Columbia, MO) were harwith a spectrophotometer (Spectronic Genesis 2, Analytvested in accordance with standard NIH protocols. After ical Instruments, Minneapolis, MN) at 550 nm, and colremoving the adventitial layer and the internal elastic lagen was estimated to be 10 times the amount of hylamina, SMCs were isolated from the medial layer by droxyproline (33). placing the tissue onto a culture dish and allowing SMCs to migrate onto the dish over 7 days. All cells were cul-Cross-Link Quantification tured first in control medium (0.2 µg Cu 2+ /ml), and then Cross-link density in common carotid arteries, aortas, either maintained in control medium for vessel culture femoral arteries, and iliac arteries from 25-30 kg Duroc or transferred to 0.4 or 0.6 µg Cu 2+ /ml medium at least swine (Lee Brothers, Four Oaks, NC) was compared to 1 week before vessel culture.
cross-link density in engineered arterial tissue cultured Engineered arteries were grown as previously dein 0.2-0.6 µg Cu 2+ /ml. HP cross-links were measured scribed (30,31). Briefly, SMCs were seeded onto a tububy reverse-phase HPLC (14) . Tissue segments were hylar, degradable poly-glycolic acid mesh (Albany Internadrolyzed in 1 ml 6N HCl for 24 h and washed three tional, Mansfield, MA) and cultured for 7 weeks at 37°C times by dilution with nanopure water and subsequent and 10% CO 2 . Three vessel growth conditions included lyophilization. The residue was reconstituted in 1% nculture medium copper ion concentrations of 0.2, 0.4, or heptafluorobutyric acid (HFBA, Pierce Chemical Com-0.6 µg Cu 2+ /ml. In a fourth growth condition, vessels pany, Rockford, IL) and centrifuged for 5 min. The suwere cultured in medium containing 0.2 µg Cu 2+ /ml for pernatant was injected into an ultrasphere C18 column the first 4 weeks of culture and 0.4 µg Cu 2+ /ml thereafand run in a 20-min gradient of 21-25% acetonitrile ter. The culture medium was refreshed once per week, (Burdick & Jackson, Muskegon, MI) with 1% HFBA. and ascorbic acid (Sigma-Aldrich, St. Louis, MO) was
The HP peak eluted at 6-7 min. Pyridoxamine (Sigmasupplemented an additional two times per week. All ves-Aldrich, St. Louis, MO), which elutes at the same time sels were grown in static, nonpulsatile, culture. After 7 as HP but fluoresces three times more strongly than HP weeks in culture, arterial cell number, collagen content, (13) , was used as a standard. and cross-link density were quantified, and vessel mechanics were evaluated.
Mechanical Analysis DNA Quantification
After 7 weeks in culture, engineered vessels were removed from bioreactors and connected to a flow system DNA content was measured fluorometrically as previously described (23). Briefly, tissue segments (10-30 with a pressure transducer downstream of each vessel 370 DAHL, RUCKER, AND NIKLASON (11) . PBS was injected into the flow system to create µg Cu 2+ /ml) and in porcine serum (PS, 2.0 µg Cu 2+ /ml). Native porcine blood had a higher concentration of 2.9 luminal pressure, and outer vessel diameter was recorded (Canon XL1 Digital Video Recorder) at pressure µg Cu 2+ /ml. In pilot experiments, vessels were cultured in me-increments of 30 mmHg until vessel failure. The pressure at vessel failure was referred to as the burst pres-dium with copper ion concentrations of 1 µg, 2 µg, and 3 µg Cu 2+ /ml. However, at these high free copper ion sure. Images were transferred to a Power Macintosh and acquired with Adobe Photoshop. External vessel diame-concentrations, the cells failed to form an extracellular matrix with structural integrity, and culture was discon-ters were measured at each pressure increment. Wall thickness, which was measured from histological cross tinued.
Copper ion concentrations of 0.2 µg, 0.4 µg, and 0.6 sections, was used to calculate a vessel cross-sectional area at zero pressure. The cross-sectional area was as-µg Cu 2+ /ml were then examined in the culture of engineered vessels. Additional vessels were grown in 0.2 µg sumed to remain constant across all pressures and was used with measured external vessel diameters to calcu-Cu 2+ /ml for the first 4 weeks of culture followed by 0.4 µg Cu 2+ /ml for the last 3 weeks of culture. At each cop-late internal radii at each recorded pressure. Midwall stress (σ) and strain (ε) were calculated using the equa-per ion concentration in the range of 0.2-0.6 µg/ml, robust smooth muscle cell growth and extracellular matrix tions:
production resulted in successful vessel culture (Fig. 2 ). σ = 8P × (r external × r internal ) 2 (r external 2 − r internal 2 ) × (r external + r internal ) 2 (1) Cellular Density After 7 weeks in culture, the cellular density of engineered arterial segments was quantified. Vessels grown
in culture medium copper ion concentrations of 0.2 µg where P is the luminal pressure, r is the radius, and r o Cu 2+ /ml, 0.2 µg Cu 2+ /ml for the first 4 weeks followed is the radius at zero pressure (3). The maximal elastic by 0.4 µg Cu 2+ /ml for the last 3 weeks, 0.4 µg Cu 2+ /ml, modulus was then calculated as the slope of the four and 0.6 µg Cu 2+ /ml yielded no significant differences in highest stress points of each stress-strain curve.
cell number per milliliter of tissue (Fig. 3) . The similarity in cell number between culture conditions indicated Statistics that increasing copper from 0.2 µg Cu 2+ /ml to 0.4 µg Statistical significance was measured by one-way Cu 2+ /ml or 0.6 µg Cu 2+ /ml likely introduced minimal ANOVA and the Tukey-Kramer post hoc multiple comheavy metal ion-associated toxicity. parison test. All data were presented as the mean ± SEM).
Collagen Accumulation Average collagen content of engineered vessels cul-RESULTS tured with 0.2-0.6 µg Cu 2+ /ml was within the range of Culture Medium Copper Ion Concentrations 14-19% of dry tissue weight (Fig. 4) . Total collagen content after 7 weeks of vessel culture did not appear Copper concentrations of tissue culture medium, tissue culture serum, and native porcine blood were deter-to be affected by copper ion concentration. Rather, the absence of a downward trend in collagen production mined by the Metals Laboratory at Mayo Medical Laboratories (Rochester, MN). Control tissue culture medium with increased copper ion concentrations indicates that ascorbic acid stimulation of collagen production was re-contained 0.2 µg Cu 2+ /ml, resulting primarily from copper occurring naturally in fetal bovine serum (FBS, 0.2 tained in this system. neered arteries cultured in 0.2 µg Cu 2+ /ml medium for 4 weeks followed by 0.4 µg Cu 2+ /ml medium for 3 weeks yielded significantly increased cross-link densities comml generated cross-link densities that were not signifipared to control engineered arteries (0.2 µg Cu 2+ /ml), cantly different from those of native vessels. In addition, and to porcine vessels (Fig. 5) . In contrast, culture meculture medium copper ion concentrations of 0.4 or 0.6 dium copper ion concentrations of 0.2, 0.4, and 0.6 µg/ µg/ml supplemented throughout all 7 weeks of culture failed to enhance LO-mediated cross-link formation compared to control engineered vessels (0.2 µg Cu 2+ / ml). Waiting until late in culture to supplement copper ions may have allowed collagen molecule alignment and fibril formation at low copper concentrations, and resulted in efficient LO-activated cross-link formation between aligned collagen molecules at a higher copper ion concentration.
Mechanical Properties
Maximal elastic moduli and burst pressures were measured for vessels grown in each medium copper ion concentration (Table 1) . No improvement in vessel stiffness or strength was detected with increased culture medium copper ion concentrations. Furthermore, the stiffness and strength of vessels with significantly increased roscopic load-bearing properties. Vessels were grown in culture medium with copper ion concentrations of 0.2 µg/ml (n = 5), 0.2 µg/ml for the first 4 weeks with 0.4 µg/ml for the last 3 weeks (n = 3), 0.4 µg/ml (n = 3), and 0.6 µg/ml (n = 3), and of porcine carotid arteries (n = 3).
Values are presented as the mean ± SEM. No increase in maximum modulus or burst pressure was detected with increased culture medium copper ion concentrations (0.4 or 0.6 µg/ml) or with increased cross-link density (0.2 µg/ml for the first 4 weeks followed by 0.4 µg/ml). *Porcine carotid arteries had significantly higher maximum moduli and burst pressures than all engineered vessels ( p < 0.01).
DISCUSSION
in vitro is not carried by ceruloplasmin; it is present as free copper ions. This free copper can lead to free radical formation, which can cause cellular toxicity. At-In engineered vessels, increased collagen cross-linking can be achieved by supplementing the culture me-tempts to grow engineered vessels in culture medium with copper ion concentrations of 1, 2, and 3 µg Cu 2+ / dium with copper ions after tissue formation has begun. Furthermore, the extent of cross-linking resulting from ml, which better match the porcine blood copper concentration of 2.9 µg Cu 2+ /ml, failed in our hands. This copper ion supplementation in engineered tissues can surpass native cross-linking levels. Unfortunately, aug-failure may have been caused by cellular toxicity resulting from copper ion-induced hydroxyl radical formation. mented cross-link density failed to improve the loadbearing capabilities of engineered tissues.
With lower levels of free Cu 2+ (0.2, 0.4, and 0.6 µg/ml), cellular viability was maintained in vitro. Collagen molecules may need time to align and form fibrils before augmented LO-mediated cross-link forma-Copper ions also have the potential to negatively impact collagen synthesis. Ascorbic acid is an important tion can occur, as it has been shown that LO acts on collagen after it assembles into fibrils (41) . Because of component of our culture medium that stimulates collagen production (5, 16, 20) . Although copper can reduce this, we elected to grow vessels in 0.2 µg Cu 2+ /ml medium for 4 weeks to allow assembly of collagen mole-the half-life of ascorbic acid (40) , engineered vessel collagen contents remained consistent with copper ion con-cules into fibrils, followed by 0.4 µg Cu 2+ /ml medium for the remaining 3 weeks of culture to increase LO ac-centrations of 0.2-0.6 µg/ml. At higher culture medium copper ion concentrations of 1-3 µg/ml, however, free tivity. Indeed, under these conditions, cross-link density was greatly elevated, which suggested that collagen fi-copper ions may have catalyzed the degradation of ascorbate, and led to reduced collagen accumulation. brils had formed and were available to serve as substrates for LO-mediated cross-link formation. On the Although enhanced levels of cross-linked collagen in the extracellular matrix may lead to a more stable and other hand, no increase in cross-link density was detected with copper ions supplemented in the range of mature tissue, increased cross-link formation failed to increase tissue stiffness and strength in this study. Possi-0.4-0.6 µg Cu 2+ /ml throughout all 7 weeks of vessel culture. The absence of increased cross-linking may be ex-bly, when collagen fibrils are very sparse within an engineered tissue, increased HP cross-linking may not result plained by the fact that active LO exposed to collagen molecules that have not yet been incorporated into fi-in improved mechanics. It is possible that other types of cross-links, such as chemically derived or sugar-medi-brils can inhibit fibril formation (41) . Hence, in our system, copper-induced LO activity early in culture might ated cross-links, would increase global tissue stiffness and strength more than LO-mediated cross-links. How-have prevented collagen fibril formation rather than strengthened collagen fibrils. This observation may pro-ever, the possible improvement in tissue mechanics would come at the cost of increased risk of calcification or ath-vide a better understanding of mature collagen formation in engineered vessel development: collagen molecules erosclerosis after graft implantation, making chemically derived and sugar-mediated cross-links unattractive ap-must be given time to align and form fibrils before augmented LO-mediated cross-link formation can occur.
proaches. Rather, the best strategy to increase tissue strength likely includes increasing collagen accumula-Although most copper (ϳ95%) in the blood, and hence in serum, is carried by the copper chaperone ceru-tion to match native levels of approximately 35-55% of dry tissue weight (10, 11) . Therefore, future work should loplasmin, copper supplemented in the form of CuSO 4
